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The vestibular system responds to head acceleration by producing compensatory reflexes in the eyes and postural muscles. In this study, we investigated the effect of brief interaural acceleration on the vestibular evoked myogenic potential (VEMP) in 10 normal subjects and 10 patients with bilateral (bVL) or unilateral vestibular loss (uVL). The stimuli were delivered with a handheld minishaker and tendon hammer over the mastoid and produced relatively pure interaural head acceleration with little rotation (mean peak acceleration: 0.14 g at 3.3 ms). VEMPs were recorded from the neck muscles and were characterized in normal subjects by a positive/negative potential ipsilateral to the stimulated side (peak latencies: 15.1 and 22.6 ms) and a positive response contralaterally (20.3 ms), which was sometimes preceded by a negativity (14.5 ms). These peaks were absent in patients with bVL, confirming their vestibular dependence. In the patients with uVL, medial acceleration of the intact ear produced bilateral responses, an initial positivity on the intact side, and a negativity on the affected side, whereas lateral acceleration produced only a late positivity on the intact side. As the acceleration was primarily in the horizontal plane, it is likely to have activated utricular receptors. Consistent with this, we found that VEMPs are very sensitive to the direction of head acceleration and have features consistent with the utriculocollic projections demonstrated in animals.
utricle; otolith; jerk; translation THE VESTIBULAR-EVOKED MYOGENIC POTENTIAL (VEMP) is a shortlatency vestibular reflex recorded from the sternocleidomastoid (SCM) muscles in humans (9) . VEMPs can be evoked by a variety of vestibular stimuli, such as air-conducted (AC) and bone-conducted (BC) sound, galvanic current, and head taps delivered with a tendon hammer (e.g., Refs. 9, 19, 28, and 36). These stimuli activate different vestibular end organs, or combinations of end organs, and consequently evoke VEMPs with different properties. AC sound has been shown to activate the saccule relatively selectively (26) and produces a positivenegative potential (p13-n23) in the ipsilateral SCM (9) . Galvanic current activates the vestibular afferents of all end organs (18) and produces bilateral responses: a positive-negative response in the SCM ipsilateral to the cathode and a negativepositive response contralateral to the cathode (36) .
Stimulation of the skull with vibration or head taps produces a combination of BC sound, i.e., elastic compression waves, and whole head incompressive vibration, usually measured in terms of acceleration. The response of the skull to vibration is complex and typically consists of three-dimensional rotation and translation, although at low frequencies (under ϳ1 kHz) the head tends to move as a whole (29) , i.e., when the equivalent wavelength is much larger than the dimensions of the head. If the frequency spectrum of the stimulus is within the audible range, the stimulus may be perceived as sound. However, while the direction of fluid movement through the cochlea is constant, transmission of vibration to the vestibular endorgans is likely to depend on the direction and frequency of the applied stimulus (29) . As such, the site of stimulation, initial direction of the stimulus, and stimulus frequency are important factors governing the skull response to vibration (29, 30) . While vibration with 500-Hz tone bursts has been shown to selectively activate irregular otolith fibers in guinea pigs (11), it is not known which afferents are activated by head taps.
VEMPs evoked by both 500-Hz tone bursts and head taps are typically bilateral; however, the polarities differ. BC tone bursts normally produce a positive-negative response ipsilaterally but can produce responses of either polarity on the contralateral side (28, 37) . In contrast, VEMPs evoked by head taps show directional sensitivity. When delivered to the midline, head taps produce symmetrical positive-negative VEMPs (19) , but the onset latency depends on the site of stimulation, i.e., the forehead or occiput (5) . When delivered laterally above the ears, head taps produce different responses on each side of the neck (6 -8) .
As head taps are difficult to standardize and may produce elastic "ringing" of the skull, we (31) recently developed a stimulus to deliver more precise acceleration of the head that minimized ringing. Using a "minishaker" (model 4810, Brüel & Kjaer, Naerum, Denmark), we delivered pulses of acceleration to the mastoids of normal subjects and recorded extraocular muscle responses [ocular VEMPs (OVEMPs)] that showed directional sensitivity. Measurements indicated that the stimulus primarily produced interaural acceleration of the head, and we speculated that the utricle was predominantly activated, due to its orientation in the horizontal plane (31) .
Given that VEMPs have been shown to respond to directional stimulation, we aimed to characterize the VEMP evoked by interaural acceleration of the head. We first performed detailed accelerometry to confirm that the stimulus did indeed produce an interaural head acceleration. We then compared VEMPs evoked by interaural acceleration and head taps with those evoked by traditional stimulation with AC clicks, 500-Hz BC tone bursts, and forehead taps. In addition, we recorded acceleration-evoked VEMPs in patients with unilateral (uVL) and bilateral vestibular loss (bVL) to further define the nature and origin of the projections responsible for acceleration-evoked VEMPs.
METHODS

Subjects
Ten normal subjects, with no history of auditory or vestibular disease, participated in this study (5 women and 5 men, mean age: 32 yr, range: 23-52 yr). Eight patients were studied after uVL. Four patients had had surgery to remove an acoustic neuroma, three patients had undergone selective vestibular neurectomy (two for Meniere's disease and one for recurrent vestibular neuritis), and one patient had suffered complete loss of vestibulocochlear nerve function after surgery for hemifacial spasm. Three patients were studied both before and after surgery. Two patients with bVL due to presumed autoimmune disease were studied (both men, aged 55 and 72 yr). Both had no response to conventional caloric or click stimulation and minimal responses to ice water stimulation. All participants gave informed consent according to the Declaration of Helsinki, and the study was approved by the local ethics committee.
Stimuli
Subjects were stimulated with head taps, impulsive head acceleration, AC clicks, and BC tone bursts. All stimuli were delivered separately to the ears/mastoids on both sides of the head, whereas the taps and impulsive acceleration were additionally applied to the forehead at Fz. Impulsive head acceleration was produced by the hand-held minishaker shown in Fig. 1 (model 4810, Brü el & Kjaer). The input to the minishaker was a third-order ␥-function with 4-ms rise time and peak amplitude of ϳ5 V (31). The minishaker was fitted with a custom cylindrical Perspex rod (diameter: 2.5 cm and length: 9.2 cm), which was held normal to the head by the experimenter with ϳ1-2 kg of force. The stimulus could be both positive (i.e., the Perspex rod moved away from the motor and toward the subject's head) or negative (the rod moved toward the motor and away from the head). As the subject's head was not fixed, the elasticity of the neck, coupled with the tonic force, ensured that the head accelerated away from the minishaker when its displacement was positive and toward the minishaker when its displacement was negative. Taps were delivered by one experimenter using a reflex tendon hammer with an electronic trigger (Nicolet Biomedical, Madison, WI). The clicks were 0.1-ms square waves of 142-dB peak sound pressure level (SPL) (equivalent to 97 dB normal hearing level (NHL)) delivered with calibrated headphones (TDH 49, Telephonics). The BC tone bursts were 500 Hz, 7-ms sine waves (0 onset, unshaped) of 136-dB peak force level (FL) delivered by a commercial B71 bone conductor (B71, Radioear, New Eagle, PA). All stimuli were generated by means of customized software using a laboratory interface (1401plus, Cambridge Electronic Design, Cambridge, UK) and a custom amplifier. For the impulsive acceleration, clicks, and tone bursts, a total of 200 -256 stimuli were delivered at a rate of 5 Hz. For the taps, a total of 50 stimuli were delivered at a rate of ϳ2 Hz.
Head Accelerometry
A mapping experiment was first performed to locate the optimal position of the minishaker for producing horizontal, interaural translation of the head. Acceleration was measured in four subjects (2 women and 2 men) with four linear accelerometers placed at the nasion, inion, vertex, and mention (below the jaw) all oriented in the interaural (y) direction (model 751-100, Endevco). The accelerometers and conditioning amplifier (model 4416B, Endevco) had a frequency response up to 10 kHz. The output of the amplifier was fed directly to the analog-to-digital converter without additional filtering. Power spectral analysis confirmed that Ͼ90% of the power was below 120 -150 Hz. Stimuli were applied to multiple sites around one ear in a grid (Fig. 2) . Units in the grid were ϳ1/40th of the head circumference: 1.5 cm in the male subjects and 1.35 cm in the female subjects and were measured from the tragion (anterior to the external auditory meatus). The accelerometers were held in place by tight elastic bandages. Head acceleration was measured over 100 ms, from 10 ms before the stimulus onset, in response to 30 stimuli. Equal amplitude of acceleration in all accelerometers was interpreted as pure interaural translation of the head, whereas a difference in the amplitude, or a frank inversion of the polarity, of the acceleration between the nasion and inion was taken to indicate rotation in the yaw direction. Similarly, differences between the vertex and mention accelerometers indicated rotation in the roll direction.
Head acceleration was also measured during the main experiment. Two accelerometers were placed normal to the skull on the temporal bone above the external auditory meatus to record linear acceleration in the interaural direction.
VEMP Recordings
Subjects reclined to ϳ30°above the horizontal, and surface potentials were recorded using pairs of Ag/AgCl electrodes. The recording (inverting) electrode was placed over the middle of the SCM belly, and the reference (noninverting) electrode was placed over the medial clavicle. An earth was placed on the sternum. The rectified electromyogram (EMG) was monitored online and recorded, and care was taken to ensure constant background activation of the SCM between trials. In addition, amplitudes were expressed as a ratio of the raw amplitude and background activity measured over the 20-ms prestimulus period (corrected amplitude). The EMG was sampled at 5 kHz from 20 ms before to 100 ms after the stimulus onset, amplified, filtered (8 Hz to 1.6 kHz), and sampled with a second CED power1401 and custom software. Negative potentials at the active electrodes were displayed as upward deflections. 
Additional Comparisons
To investigate the effect of stimulus location/head rotation, VEMPs were recorded in two normal subjects after stimulation with pulses applied to sites around the mastoid. Stimulus locations were 4 grid units anterior and posterior to the tragion, 2 grid units anterior/2 units inferior to the tragion, and 4 and 6 grid units superior to the tragion (see Fig. 2 ). The effect of changing background activity was examined in eight subjects. Subjects were provided with verbal feedback to achieve levels of background activity of 50, 100, and 150 V for the duration of each trial. The VEMP threshold was measured in eight normal subjects to AC clicks, BC tone bursts, and pulses by systematically reducing the intensity in 3-or 6-dB steps over successive trials and were accurate to 3 dB.
Patient Experiments
VEMPs were measured in all patients using AC sound and positive pulses. All conditions were tested twice and averaged together offline. Amplitudes and latencies were taken from this average. In some The outermost sites were 6 cm from the tragion (*) in the male subjects and 5.4 in the female subjects. In A, the diameter of each circle represents the difference in amplitude between the acceleration measured at the vertex and mention (below the jaw), indicating net rotation in the roll direction. Solid circles indicate positive values (i.e., greater relative acceleration at the vertex compared with the mention and rotation of the vertex away from the stimulated side), whereas shaded circles indicate negative values (rotation of the vertex toward the stimulated side). The placement of the minishaker at the level of the tragion produced little rotation in the roll direction, whereas stimulation at the vertical extremes rotated the head in opposite directions. B: net rotation in the yaw direction. Solid circles indicate positive values (greater relative acceleration at the nasion and rotation of the nose away from the stimulated side), and shaded circles indicate rotation of the nose toward the stimulated side. Rotation in yaw was greater overall than that in roll and was greatest in the horizontal extremes above the tragion. The mastoid location, directly behind the tragion and pinna, produced little rotation in either direction.
patients who were studied within a short time of their surgery, positive and negative pulses were applied to the normal side to achieve both directions of head acceleration. In some patients, the AC stimulus was a 0.1-ms click at 142-dB peak SPL, whereas in others it was a 500 Hz, 2-ms tone burst at 142-dB peak SPL.
Data Analysis
Amplitudes and latencies were measured at the response peaks (i.e., baseline Ϫ peak). Repeated-measures ANOVA and t-tests were used to compare response amplitudes and latencies in normal subjects. Regression analysis was performed to examine the effect of stimulus intensity. Wilcoxon's nonparametric tests were used to compare the amplitudes and latencies between patients and normal subjects, due to small sample sizes. Values are reported as means Ϯ SD, and statistical analysis was performed using SPSS (version 15).
RESULTS
Accelerometry
Mapping. Placement of the minishaker at the level of the tragion produced similar levels of acceleration at the vertex and mention, indicating that little net rotation of the head occurred in the roll direction ( Fig. 2A) . Stimulation above the level of the tragion produced successively greater differences in acceleration between the vertex and mention, indicating net rotation of the vertex away from the stimulated side. When stimulated 4 grid units above the tragion (5.4 -6 cm), peak acceleration at the vertex was ϩ0.24 g at 5.2 ms, whereas acceleration at the mention was Ϫ0.03 g at 4.2 ms. Offline subtraction of the traces revealed a net peak acceleration of the vertex relative to the mention of ϩ0.26 g at 5.1 ms (see Fig. 2 ). Rotation of a similar magnitude in the opposite roll direction was produced by stimulation below the tragion (Ϫ0.25 g at 5.6 ms when stimulated 2 grid units anterior and inferior to the tragion). In the yaw direction, rotation was greater overall and was greatest in the horizontal extremes above the tragion. When stimulated 2 grid units anterior and superior to the tragion, peak acceleration at the nasion was ϩ0.37 g at 4.8 ms, whereas acceleration at the inion was Ϫ0.13 g at 3.7 ms, with net peak movement of the nasion relative to the inion of ϩ0.46 g at 4.4 ms (i.e., away from the stimulated side). The mastoid location, directly behind the tragion and pinna, produced little rotation in either direction. The mean peak acceleration in the roll direction was 0.08 g at 5.4 ms at the vertex and 0.11 g at 7.1 ms at the mention and in the yaw direction was 0.14 g at 4.6 ms at the nasion and 0.19 g at 5.4 ms at the inion. As the mastoid is also a comfortable stimulus location, this was our preferred stimulation location for the remainder of the experiment.
Mastoid stimulation. The mastoid pulse produced head acceleration peaking at 3.3 Ϯ 0.3 ms when measured on the temporal bones above the external auditory meatuses (averaged across both sides and all conditions). The tap stimulus produced similar interaural head acceleration, with an adjusted mean peak latency of 4.6 ms (mean trigger delay was 4.5 ms). There were no significant differences between right and left stimulation (for both taps and pulses) or positive and negative stimulation applied to opposite sides of the head (for pulses) apart from the direction of acceleration evoked (Fig. 3) . The mean peak amplitude of the pulse-evoked acceleration was larger for positive stimuli (P Ͻ 0.001) and when measured on the contralateral side of the head (P ϭ 0.002, positive ipsilateral: 0.14 Ϯ 0.01 g, positive contralateral: 0.17 Ϯ 0.02 g, negative ipsilateral: 0.12 Ϯ 0.01 g, and negative contralateral: 0.14 Ϯ 0.02 g). Taps evoked similar mean peak head acceleration on both sides of the head and were significantly higher than that produced by the ␥-stimulus (0.45 Ϯ 0.17 vs. 0.45 Ϯ 0.14 g, taps vs. pulses P Ͻ 0.001).
VEMPs: Normal Subjects
Interaural acceleration. Like the evoked acceleration of the head, there were no significant differences between reflex responses evoked by right and left stimulation or positive and negative stimulation once the direction of head acceleration was allowed for, indicating that the direction of acceleration was the critical factor (Fig. 3) . Thus, data were averaged over these variables and presented as ipsilateral or contralateral to the tap or positive force pulse. This nomenclature differs slightly from that used by Todd et al. (31) 
A positive pulse or tap produced differential responses in the ipsilateral and contralateral SCM muscles (Figs. 3 and 4) . On the ipsilateral side, the response consisted of a short-latency biphasic positive/negative wave (i-p1/i-n1) followed by a second negativity (i-n2). On the contralateral side, a single biphasic positive/negative wave was seen at longer latency (c-p1/cn2) and was sometimes preceded by a small negativity (c-n1). The early contralateral n1 was present more often after tap stimulation (9 of 20 cases) than after pulse stimulation (8 of 40 cases). The tap-evoked responses were larger overall (P Ͻ 0.001 for all; Table 1 ) and peaked earlier due to the trigger delay (P Ͻ 0.001 for all). After an adjustment for trigger delay, the first tap-evoked waves peaked ϳ1.1 ms earlier than the pulse-evoked responses, similar to the latency difference in peak head acceleration (1.3 ms). For both the pulse-and tap-evoked responses, the initial positive wave peaked significantly later on the contralateral side (P Ͻ 0.001; Table  1 ), whereas the large contralateral negativity (c-n2) peaked significantly later than the first ipsilateral negativity (i-n1) but earlier than the second ipsilateral negativity (i-n2, P Ͻ 0.001 for all). The contralateral responses c-p1 and c-n2 were both larger than those on the ipsilateral side (P Ͻ 0.001 and 0.022, respectively).
Compared with conventional AC-and BC-evoked responses, the pulses produced similar sized initial positivities on the ipsilateral side, whereas tap-evoked responses were significantly larger (P ϭ 0.001-0.042). On the contralateral side, both the tap-and pulse-evoked responses were larger than the BC-evoked response (P Ͻ 0.001). The initial positivities all peaked within 3 ms of each other on the ipsilateral side (comparing adjusted tap latencies), but contralaterally the BCevoked positivity peaked at least 4.9 ms before those evoked by the interaural stimuli (15.4 vs. 20.3 and 21.7 ms).
Sagittal acceleration. The VEMPs produced by sagittally directed stimuli were also direction sensitive but were similar in the left and right SCM muscles. Both taps and positive pulses delivered to the forehead produced an early positivity followed by two negativities, similar to the ipsilateral response to interaural stimuli (Fig. 4) , whereas negative pulses produced a late positivity/negativity similar to the contralateral response to interaural stimulation. The p1 wave evoked by the negative stimulus peaked significantly later than that produced by the positive stimulus (15.8 vs. 20.9 ms for pulses, P Ͻ 0.001). The tap-evoked n1 response tended to merge with the n2 response.
Additional Comparisons
Site of stimulation. Pulse-evoked VEMPs recorded in two subjects after stimulation of the head at sites anterior, posterior, and inferior to the mastoid location had similar morphology to those evoked by mastoid stimulation, whereas the amplitude of the responses varied nonsystematically. In contrast, at 4 grid units above the tragion, the responses were variable and sometimes absent, and at 6 grid units above the tragion there was frank inversion of polarity (Fig. 5) . At this location, there was a negativity/positivity in the ipsilateral SCM and a positivity/ negativity contralaterally.
Background contraction and response threshold. With increasing background SCM muscle activity, the amplitudes of all pulse-evoked responses increased linearly (R 2 Ͼ 0.99 for all). Slopes ranged from 23 to 71 V per 50 V of background Fig. 3 . Effect of stimulus direction on head acceleration and vestibular evoked myogenic potentials (VEMPs). A: tap-evoked head acceleration (I) and raw VEMPs (II). Laterally directed taps produced differential responses in the left and right sternocleidomastoid (SCM) muscles. When recoded in terms of responses ipsilateral and contralateral to the stimulated side (III), the responses were equivalent: an early initial positivity on the ipsilateral side and a later positivity on the contralateral side, indicating an effect of stimulus direction. B: pulse-evoked head acceleration (I) and raw VEMPs (II). Positive pulses produced head acceleration and VEMPs similar to the taps. Negative pulses delivered to the opposite side of the head also produced comparable responses, indicating that the important factor was the direction of head acceleration. Recoded and averaged over corresponding directions of head acceleration (III), responses were similar to those evoked by taps. Note that A and B have different gains. activity (n ϭ 8). The VEMP threshold for AC clicks was 92.5 Ϯ 4.5-dB nHL and for BC tone bursts in the ipsilateral SCM was 113.5 Ϯ 8.8 dB FL. The threshold for responses evoked by the pulses was 0.026 Ϯ 0.018 g on the ipsilateral side and 0.035 Ϯ 0.050 g on the contralateral side. Given these threshold values, stimulation during the main part of the experiment was at a mean intensity of 7.5 dB above threshold for clicks, 13.5 dB above threshold for BC tone bursts, and 16.5 dB above threshold for pulses, consistent with the amplitude differences produced by these stimuli.
Patients With Bilateral Vestibular Hypofunction
One patient with bVL had absent VEMPs after conventional testing with AC and BC tone bursts. In this patient, pulses delivered to the mastoids evoked no initial positive peaks (Fig. 6) . Negative peaks occurred later and nearly synchronously on both sides, with a mean peak latency of 35.6 ms in the ipsilateral SCM and 35.0 ms in the contralateral SCM, and there was no effect of direction of head acceleration. In the second patient, small residual VEMPs were seen with AC stimulation on the left, and possible small negativities were recorded from the right SCM after pulse stimulation on the left.
Patients With uVL
In the patients tested both before and after surgery (patients 1-3), the responses recorded before surgery were similar to those recorded in normal subjects (Fig. 7) . After surgery (17-90 days postsurgery), the initial (i-p1/i-n1 and c-p1) responses were absent or reduced on the side of the lesion but were less affected on the unoperated side. Patients 1 and 2 showed no signs of residual vestibular function on the affected side and had absent VEMPs using conventional AC sound. In Fig. 4 . VEMPs produced by stimulation at the ear or mastoid (A) and in the midline (B) in normal subjects. Responses are grand mean traces (average of 10 subjects). In A, responses were averaged over left and right stimulation and coded as ipsilateral or contralateral to the side of the applied stimulus. For the pulse-evoked VEMPs, responses to were also combined with those evoked by negative pulses to the contralateral side. For tap-evoked responses, the traces were shifted to the right to adjust for the effect trigger delay on latency. Peaks are labeled according to their side (ipsilateral or contralateral), polarity (positive or negative), and order (1 or 2). In B, responses from the right and left SCM muscles are shown. contrast, patient 3 had small, residual AC-evoked VEMPs on the affected side, indicating that his neurectomy was incomplete.
In patients 4 -8, who were tested only after their vestibular loss (1-22 yr postsurgery), positive stimulation applied to the affected side also produced little or no i-p1/i-n1 response on the affected side (Fig. 8A) . In patient 5, there was an initial negativity instead of the positivity on the affected side. The i-n2 peak was present in all patients but was smaller than in normal subjects (patients: 0.41 and normal subjects: 1.04, z ϭ 2.45, P ϭ 0.014). On the intact side, the c-p1/c-n2 responses were present but were significantly smaller than in the controls, particularly the c-n2 response (c-p1: patient ratio 0.59 and normal subject ratio 0.84, z ϭ 1.96, P ϭ 0.05; and c-n2: patient ratio 0.62 and normal subject ratio 1.41, z ϭ 2.57, P ϭ 0.01).
With positive stimulation applied to the intact side (Fig. 8B) , there were normal i-p1/i-n1 responses in the SCM on the intact side, with no significant differences in amplitude between the patients and controls (P ϭ 0.086 -0.178). On the affected side, the c-p1/c-n2 response was present in all patients but was much smaller than in normal subjects (c-p1: patients 0.37 and normal subjects 0.84, z ϭ 2.82, P ϭ 0.005; and c-n2: patients 0.28 and normal subjects 1.41, z ϭ 3.06, P ϭ 0.002). The positivity peaked later than in normal subjects (c-p1: patients 23.4 ms and normal subjects 20.3 ms, z ϭ 2.64, P ϭ 0.008) and was preceded by a small negativity (c-n1) in four of the five patients (patients 4, 5, 7, and 8) .
In summary, a vestibular lesion severely affected the responses on the side of the lesion (both the i-p1/i-n1 and c-p1/c-n2 responses, depending on the direction of acceleration). Responses on the opposite side were only (partially) affected for the c-p1/c-n2 peaks. In other words, medial acceleration of the intact side produced bilateral responses (Fig. 8B) , whereas lateral acceleration of the intact side was associated with only a reduced c-p1/c-n2 response on the intact side (Fig. 8A) .
DISCUSSION
We have shown that VEMPs evoked by head acceleration are direction dependent, similar to those evoked by head taps (6 -8). Like conventional VEMPs, acceleration-evoked n ϭ 10 normal subjects. Amplitudes and latencies of responses evoked by clicks, bone-conducted tone bursts, and taps were averaged over left and right stimulation, after recoding in terms of responses ipsilateral and contralateral to the side of stimulation. For the B71, the contralateral negativity is analogous to the n1 ipsilaterally. Responses evoked by the ␥-stimulus were additionally averaged over positive and negative stimulation for a given direction of head acceleration. SCM, sternocleidomastoid.
VEMPs scale both with increasing stimulus intensity and with the background activity in SCM muscles. For simplicity, we have used the term "stimulated" to describe a positive acceleration toward the head, like that produced by a tap. For interaural accelerations, the opposite direction of acceleration simply reversed the nature of the responses on the two sides (i.e., was equivalent to positive stimulation of the opposite side), similar to the OVEMP (31) .
The response to interaural acceleration in normal subjects consisted of an early positive/negative wave ipsilateral to the stimulated side (i-p1/i-n1), followed by a second positive/ negative response and a later positive/negative wave on the contralateral side (c-p1/c-n2), which was often preceded by an early negativity (c-n1). Only the earliest potentials were purely vestibular dependent, namely, the i-p1/i-n1 and c-n1/c-p1 responses. The subsequent responses were present in patients with bVL, occurred nearly synchronously on both sides, and, similar to the second negativity produced by forehead taps (19) , are likely to include the effects of stretch reflexes.
The pulse stimulus was chosen because it produced a brief acceleration of the head without causing high frequency elastic ringing of the skull (31) . By stimulating over the mastoid bone, Todd et al. (31) aimed to produce a relatively pure linear acceleration of the head in the interaural plane and showed that the stimulus produced minimal acceleration of the head in the vertical and sagittal directions. In the present study, detailed mapping of head acceleration demonstrated that stimulation at the mastoid produced little rotation of the head. In contrast, stimulation away from the mastoid produced yaw or roll rotation of the head. In the present study, the level of acceleration measured on both sides of the head was similar, indicating that the head was translated laterally as a whole. Given the predominant orientation of the utricles in the horizontal plane (23, 34) and their sensitivity to shearing forces in the interaural direction (14) , it is likely that the vestibular end organ primarily excited by the stimulus was the utricle.
The utricular macula lies mainly in the horizontal plane with the anterior part elevated (23) . Like the saccule, it is divided into two sections by the striola, which contains predominantly type I hair cells (27) . Type I hair cells usually have irregular firing rates and high sensitivity (13, 17) , features that have been associated with sensitivity to vibration (11) . As the kinocilia in the utricle are always located on the side of the hair bundle closest to the striola, hair cells on the medial side of the striola are excited by medial acceleration of the ear and those on the lateral side by lateral acceleration of the ear (23, 27) .
Our results are consistent with these properties of the utricle as well the utriculocollic pathways previously demonstrated in animals. Direct excitation of the vestibular nerves in animals has demonstrated that the utricle has an inhibitory projection to the ipsilateral SCM and an excitatory projection to the contralateral SCM, whereas the saccule inhibits the ipsilateral SCM but has no known projection to the contralateral side (16, 21) . The three semicircular canals have similar projections to the SCM as the utricle (16, 35) . In humans, inhibition of the SCM is recorded with surface electrodes as a positive potential and excitation as a negativity (10) . Therefore, the polarity of responses recorded in the SCM can be used to deduce the underlying pattern of human vestibulocollic projections. While this is difficult in normal subjects, in whom both ears are Fig. 5 . VEMPs evoked by head acceleration delivered to the mastoid (top traces) and superior to the mastoid (6 grid units/8.1 cm above the tragion; bottom traces) in a female subject. Pulses were applied to the left (solid traces) and right (shaded traces) sides of the head. The normal pattern of an ipsilateral p1/n1 response and a contralateral n1/late p1 response was reversed by moving the stimulus location upward to a site on the parietal bone. At this location, the response consisted of an ipsilateral n1/p1 response and a contralateral p1/n1 response. stimulated by vibration or acceleration, patients with uVL allow stimulation of an intact ear in isolation. Cathodal (excitatory) current applied to the intact ear of a patient produces an inhibition in the SCM ipsilateral to the intact ear and an excitation on the contralateral side (36) , consistent with the pathways evoked by direct nerve stimulation described above. VEMPs evoked by forehead taps in uVL patients also show this pattern (6) , suggesting that forehead taps produce a net excitation of vestibular receptors. In the present study, medial acceleration of the intact ear also produced a pattern of ipsilateral inhibition and crossed excitation. Given the nature of our stimulus, our results would therefore be consistent with medial acceleration producing net excitation of the utricle, consistent with the utriculocollic pathways demonstrated in animals (21) .
In contrast, lateral acceleration of the intact side in unilateral lesions (Fig. 8A) did not produce the reversal of polarity that might be expected for excitation of the lateral portion of the utricle (an initial negativity/excitation ipsilaterally and an early inhibition contralaterally). Instead, only a small c-p1/c-n2 response was seen in the SCM contralateral to the intact ear. It is possible that this response was produced by the medial side of the utricle responding to an alteration of head acceleration. The response is unlikely to be related to frank reversal of the direction of acceleration, as this occurred after ϳ8 ms, a latency that does not match the delay of the c-p1 response compared with the i-p1 response recorded with medial acceleration (ϳ5.2 ms). However, it is possible that the response was primarily produced by jerk (the change of acceleration), which could cause excitation of the medial side before the direction of acceleration had reversed. In support of this, an otolith-derived jerk response can be recorded from neurones in the vestibular nuclei (2) and is thought to contribute to the vestibuloocular reflex (3). Jamali et al. (20) have characterized the firing of otolith afferents in monkeys to both active and passive accelerations. Irregular-discharging afferents showed a phase advance compared with acceleration and showed sensitivity to both acceleration and jerk. The average acceleration profile (Fig. 3B) showed a peak acceleration of 0.14 g and a peak jerk of 91 g/s, and the sensitivities noted by Jamali et al. (20) would result in the discharge due to the jerk component being 10 times that due to acceleration itself.
Our observations suggest that the medial side of the utricle (activated by medial acceleration) may be dominant. In accordance with this, intracellular studies in the squirrel monkey and cat have shown that the majority of superior nerve otolith afferents respond to ipsilateral tilt (and thus also medial acceleration) of the ear (13, 15, 24) . However, other studies, based on the compensatory eye movements to interaural acceleration and tilt in normal humans and primates as well as patients with uVL imply that the dominant utriculoocular projection should originate from the lateral side of the striola (1, 4, 12, 22) . This discrepancy could reflect the different target of this study (i.e., the neck muscles), but Todd et al. (31) , who recorded from the extraocular muscles, also reported data that were best explained by excitation of the medial portion of the utricle.
Although our stimulus was primarily a linear acceleration in the interaural direction, small amounts of rotation did occur. However, the VEMPs resulting from such canal activation would likely be similar. Our head acceleration data demonstrated that, when present, the rotation would move the vertex and nose toward the stimulated ear in the roll and yaw directions, respectively. This would activate the vertical and horizontal canals ipsilateral to the stimulated side (25) , producing VEMPs similar to those evoked by ipsilateral utricular activation (16, 35) . Reciprocal inhibition of the canals contralateral to the stimulus could reinforce this effect. Thus, while it is likely that the utricle was the major contributor to the VEMPs, contributions from the semicircular canals cannot be excluded.
Although taps are more difficult to standardize and were considered likely to produce elastic ringing of the skull, the head acceleration recorded after taps was similar to that evoked by pulses. The morphology of the tap-evoked VEMPs was also very similar, suggesting that the taps and pulses have comparable effects on vestibular receptors. Despite this, the VEMPs evoked by taps in the study of Brantberg and Tribukait (6) had the opposite polarity to those reported here. This difference is likely due to varying stimulation sites and consequent activation of different populations of vestibular afferents, as Brantberg and Tribukait (6) applied their tap above the ear. By stimulating at a similar site, we were able to produce comparable responses. As such off-center stimulation produces roll of the head away from the stimulated side, the anterior and posterior canals on the side contralateral to stimulation may have been excited and those ipsilateral to the stimulus inhibited (25) . Based on the known projections in animals, this could produce the observed inhibition of the SCM muscles ipsilateral to the excited canals (i.e., contralateral to the stimulus) and excitation of the muscles contralateral to the excited canals (16, 35) . Alternatively, the responses could be the result of dynamic tilt of the head away from the stimulated ear and activation of utricular receptors on the opposite side.
Our results show that the polarity of acceleration applied to the head is an important determinant of the properties of the evoked VEMP. Responses recorded from the extraocular muscles (OVEMPs) using the same stimuli are also asynchronous and direction dependent. The equivalence of responses evoked by positive and negative pulses applied to the opposite sides of the head demonstrates that it is not the site of stimulation that is important but the direction of head acceleration. In fact, consistent with the proposed role of jerk, the critical factor appears to be the initial direction (or phase) of acceleration. Similar to pulses and taps, low-frequency sinusoidal accelerations (under ϳ200 Hz) also produce direction-dependent VEMPs and OVEMPs, independent of the duration of the stimulus (32, 33) . Previous studies using vibrational stimulation have not noted these effects, possibly due to the use of higher-frequency stimuli and alternation of stimulus polarity.
Our observations define the basic properties of short-latency human vestibulocollic reflexes elicited by interaural linear accelerations: asynchronous, direction-dependent responses that occur earlier on the side of the positive stimulus. The initial responses are vestibular dependent, and the i-p1/i-n1 response appears to arise exclusively from the vestibular apparatus of the same side, whereas the later response may receive bilateral vestibular input. As the ipsilateral (i-p1/i-n1) response is attenuated or abolished in patients with vestibular loss, it has potential diagnostic utility.
